A 10 mM concentration of Zn2+ decreased the survival of Escherichia coli; enhanced the survival of Bacillus cereus; did not significantly affect the survival of Pseudomonas aeruginosa, Nocardia corallina, and Ti, T7, P1, and 480 coliphages; completely inhibited mycelial growth of Rhizoctonia solani; and reduced mycelial growth of Fusarium solani, Cunninghamella echinulata, Aspergillus niger, and Trichoderma viride. The toxicity of zinc to the fungi, bacteria, and coliphages was unaffected, lessened, or increased by the addition of high concentrations of NaCl. The increased toxicity of zinc in the presence of high concentrations of NaCl was not a result of a synergistic interaction between Zn2+ and elevated osmotic pressures but of the formation of complex anionic ZnCl species that exerted greater toxicities than did cationic Zn2+. Conversely, the decrease in zinc toxicity with increasing concentrations of NaCl probably reflected the decrease in the levels of Zn2+ due to the formation of Zn-Cl species, which was less inhibitory to these microbes than was Zn2". A. niger tolerated higher concentrations of zinc in the presence of NaCl at 37 than at 25°C.
Anthropogenic pollutants emitted by industrial and domestic activities and deposited into the environment may have an adverse impact on the activity, ecology, and population dynamics of the indigenous microbiota (e.g., see reference 5). The influence of the physicochemical factors of the environment into which a pollutant is deposited on the toxicity of that pollutant to the microbiota has often been neglected in environmental studies (9) . For example, the toxicity of cadmium towards bacteria and fungi was reduced in the presence of the clay mineral montmorillonite (7, 8) but was potentiated at alkaline pH values, presumably as a result of the formation of the hydroxylated species CdOH+ which was more toxic than divalent Cd2+ (6, 8, 9) .
The studies reported herein further demonstrate that the anionic composition of the environment influences the toxicity of heavy metals (i.e., zinc) to microbes and viruses. As a model system, Zn2+ and Cl-ions were selected as the cationic heavy metal and anion, respectively. Several studies have demonstrated interactions between Zn2+ and other divalent cations (e.g., Cd2+, Mg2+, Cu2+) and their combined effects on bacteria (1, 43) , fungi (2, 35) , and unicellular algae (11). However, there is little information on whether and how the inorganic anionic components of the environment influence the toxicity of divalent cations. Zinc is a micronutrient and is essential for maximal growth of microbes and other cells. Zinc is a component or activator of some enzymes (e.g., alcohol dehydrogenase, aldolase [55] , DNA-dependent RNA polymerase of T7 coliphage [19] , RNA-dependent DNA polymerase of avian myeloblastosis virus [4] ); maintains the integrity of ribosomes (44) , biological membranes, the double helix of DNA (18) , and the cell wall of gram-negative bacteria (20) ; is required for growth and subtilin production by Bacillus subtilis (21) ; is a component of the cell wall of Escherichia coli and is involved in the penetration of T2 and T4 coliphages into the host cells (33) ; and is required for growth of Helminthosporium sativum (42) and Verticillium albo-atrum (50) , for aflatoxin production by Aspergillus parasiticus (37) , and for sclerotia production by Whetzelinia sclerotiorum (53) . However, elevated concentrations of Zn may be inhibitory or toxic to cellular activities and growth, with the specific inhibitory concentration being dependent on the activity or cell being investigated. For example, zinc chloride (ZnCl2) at 0.08 mM stimulated and at 0.5 mM inhibited growth of E. coli (57) . Zinc has been shown to inhibit respiration (39) and growth (48) of fungi, germination of fungal spores (49) , growth of unicellular algae (11) and protozoans (15, 47) , bacterial conjugation (40) , nitrification in soil (56) , and replication of rhinoviruses (32) and to block adsorption of M13 coliphage to its host bacterium (52) .
Concentrations of Zn above ambient background levels in the environment result primarily from anthropogenic activities. High concentrations of Zn were present in fresh waters receiving effluents from strip mines (41); in sediments from marine coastal regions receiving discharges from domestic sewers (12); and in soils near highways (36) , coal-burning power plants (31) , and smelters. For example, some soils within 9.7 km from a smelter in British Columbia contained 1,394 jig of Zn per g (27) , and some soils within 1 km of a smelter complex at Palmerton, Pa., contained 135,000 jig of Zn per g (13) . Soils surrounding industrial and smelter complexes that emit metal oxides, including those of Zn, exhibited reduced rates of organic matter decomposition (46) , soil respiration (17) , and phosphorus mineralization (51) , as well as reductions in the numbers of bacteria, including actinomycetes, fungi (28) , and lichens (38) . Deposition of heavy metals, including Zn, on the surfaces of leaves resulted in an alteration in the composition and species diversity of the phylloplane microbiota (23) .
Once a heavy metal is deposited into a specific environment, its chemical form, mobility, and availability for uptake by the biota are dependent on the physicochemical factors of that environment. For example, Zn2+ complexes with Cland, depending on the Ct-concentration, forms ZnCl+, ZnCl2, ZnCl3-, and ZnCl42- (25) . Divalent Zn2+ and these Zn-Cl species may exert differing toxicities on the microbiota.
In soil, Cl-is mobile, and its concentration is dependent on the porosity of the soil and the extent of leaching. Additional amounts of Clmay be introduced into soil by the application of salt (primarily a mixture of 95% NaCl and 5% CaCl2) to remove ice and snow from roadways. Salt, mainly as CaCl2, is also used as a dust palliative on unpaved roads (54) . In saline and saline-sodic soils, the Cl-concentration of the soil solution ranges from 42,600 to 103,000 yg/g, and the Cl-concentration in seawater is about 20,000 ,tg/ml (25 In other experiments, 0.2-ml portions of a suspension of E. coli were inoculated into tubes containing 1.8 ml of phthalate buffer amended with 10 mM Zn2+ or Mg2' and either 1 M NaCl, 1 M NaNO3, 2 M glucose, or 2 M xylose. Survival of the bacteria was determined as described above. Two tubes were used for each combination, and the experiments were repeated twice.
(iii) Coliphages. Portions (0.2 ml) of the coliphage suspensions were inoculated into tubes containing 1.8 ml of phthalate buffer amended with 10 mM Mg2+ or Zn2+ and with either 0, 0.1, 0.5, 1, or 5 M NaCl. The tubes were agitated on a Vortex-Genie for 5 s and then placed in a rotating drum (36 rpm), housed in a 25°C incubator, for 3 h. Portions (0.5 ml) were then removed and serial dilutions were performed in Tris buffer (pH 7); 0.1-ml portions were inoculated into 4.5 ml of an overlay agar medium (1% tryptone-0.5% yeast extract-0.5% NaCl-0.7% agar [Bacto] ), which was then seeded with 0.4 ml of E. coli strain B. The underlay agar (10 ml) consisted of nutrient agar containing 1% glucose. The plates were inverted and incubated at 37°C, and plaques were counted after 18 h. Two tubes were used for each concentration of NaCl with either Zn2+ or Mg2 , and each experiment was repeated at least three times.
The data were calculated as the arithmetic mean standard error of the mean, and Student's t test was performed to determine the significance of the variation between control and experimental mean values; P of 0.05 or less were considered significant.
RESULTS
Fungi. Concentrations of Zn2+ up to 1 mM did not significantly inhibit the growth of fungi. However, 10 mM Zn2+ significantly decreased the mycelial growth rates of F. solani, C. echinulata, A. niger, and T. viride and completely inhibited growth of R. solani (Table 1) .
In both the absence and presence of Zn2+, growth rates of A. niger were greater at 37 than at 25°C, and more abundant sporulation was noted in cultures incubated at 37°C. At both 25 and 37°C, concentrations of Zn2+ up to 1 mM did not significantly decrease growth rates, but, at 10 mM, rates were reduced to approximately 50% of the control (i.e., no Zn2+) at both temperatures ( Table 2) .
The effect of different concentrations of NaCl on the toxicity of Zn to mycelial growth was variable. In the absence of Zn2+, 0.5 M NaCl greatly reduced and 1 M NaCl completely inhibited growth of R. solani. In the absence of NaCl or with 0.1 M NaCl, a concentration of 1 mM Zn2+ did not significantly influence growth. However, with 0.5 M NaCl, growth of R. solani was greater in the presence of 1 mM Zn2+ than Z Zn, as ZnSO4. 7H20, added to Sabouraud dextrose agar (Difco).
Mean radial growth, in millimeters per day, ± standard error of the mean. Mean percent of control ± standard error of the mean.
in the absence of Zn2" (Table 3 ).
In the absence of Zn2+, growth of F. solani was initially reduced at 0.1 M NaCl and progressively decreased as the concentration of NaCl was increased to 1 M. These concentrations of NaCl did not significantly alter the response of the fungus to 1 mM Zn2+ added to the various concentrations of NaCl (Table 3) .
The growth ofA. niger, in the absence of Zn2+, was initially reduced by 0.5 M NaCl, with greater reductions occurring at 1 M NaCl. In the absence of NaCl, 1 mM Zn2+ did not adversely influence growth, but, in the presence of 0.5 or 1 M NaCl, A. niger was progress,ively sensitive to Zn. At 10 mM Zn2+, growth rates were decreased and, as the concentration of NaCl increased, the toxicity of Zn increased until growth was totally inhibited at 1 M NaCl (Table 3) .
Although 0.1 M NaCl slightly enhanced the growth of C. echinulata in the absence of Zn, higher concentrations of NaCl reduced growth. The extent of inhibition by 10 mM Zn2+ was not affected by concentrations of NaCl to 1 M. For example, at 0 or 1 M NaCl, a 10 mM concentration of Zn2+ reduced growth to approximately 20% of the controls (i.e., no Zn + no NaCl and no Zn + 1 M NaCl, respectively) ( Table 3 ).
In the absence of Zn2+, growth of T. viride was initially reduced at 0.5 M NaCl, with a greater reduction occurring at 1 M NaCl. In the absence of NaCl, 10 mM Zn2+ significantly reduced growth, but the tolerance to Zn increased as the concentration of NaCl increased. For example, in the absence of NaCl, 10 mM Zn2+ reduced growth to 36% of the control (i.e., no Zn + no NaCl), whereas in the presence of 1 M NaCl, an equivalent concentration of Zn reduced growth only to 72% of the control (i.e., no Zn + 1 M NaCl) ( Table 3) .
The influence of temperature on the sensitivity ofA. niger to varying concentrations of Zn in the absence and presence of 0.5 M NaCl was also studied. At 25°C, mycelial growth was initially reduced at a concentration of 0.1 mM Zn2+ in the presence of 0.5 M NaCl, whereas in the absence of NaCl toxicity was initially evident only at 10 mM Zn2+. At 37°C, reductions in growth were initially evident at 10 mM Zn2+, regardless of the absence or presence of NaCl, although toxicity was significantly greater in the presence of NaCl (Table 4) .
Bacteria. In the presence of Mg2+, the addition of 0.1 M NaCl reduced survival of E. coli to about 15% of the control (i.e., Mg2+ + no NaCl), and at higher concentrations of NaCl, survival was reduced to 2% or less of the control. In the absence of NaCl, 10 mM Zn2+ decreased the survival of E. coli to about 20% of the control (i.e., Mg2`+ no NaCl); however, in the presence of 0.1 M NaCl, the of the control (i.e., Mg2+ + 0.1 M NaCl). Above 0.1 M NaCl, the toxicity of Zn increased, with survival being 20, 2, and 0% in the presence of 0.5, 1, and 5 M NaCl, respectively (Table 5 ).
In the presence of Mg2+, P. aeruginosa showed no significant decreases in survival with additions of NaCl up to 1 M, but survival was greatly reduced at 5 M NaCl. A concentration of 10 mM Zn2+ was not toxic in the presence of 0, 0.1, 0.5, or 1 M NaCl, but, in the presence of 5 M NaCl, Zn toxicity was enhanced, and survival was only 13% of the control (i.e., Mg2+ + 5 M NaCl) ( Table 5 ).
Survival of B. cereus at 10 mM Zn2+ was progressively increased by additions of NaCl to 0.5 M, but, thereafter, was progressively decreased as the NaCl concentration was increased to 5 M. Compared with the control (i.e., Mg2" + no NaCl), 10 mM Zn2+ enhanced survival of B. cereus; however, 0.1 M NaCl decreased this enhancement, and, at higher NaCl concentrations, survival in the presence of Zn was approximately equivalent to that with Mg2" (Table 5 ).
N. corallina was not sensitive to 10 mM Zn2+ either in the absence or presence of NaCl (Table  5) .
Coliphages. that the toxicity of Zn towards these microbes was enhanced by high NaCl concentrations; as a control, experiments were also performed with C. echinulata, the tolerance of which to Zn was independent of the NaCl concentration (Tables 3 and 5 ). The organisms were exposed to the inhibitory concentration of Zn in the presence of NaCl, NaNO3, glucose, or xylose.
In the absence of Zn, NaCl and NaNO3 were more inhibitory towards growth of A. niger and C. echinulata (Table 7) and decreased survival of E. coli to a greater extent (Table 8) than did glucose and xylose at equivalent theoretical osmotic pressures. These differences in microbial response may have resulted either from differential sensitivities to high levels of these solutes or from utilization of the sugars as a source of 'Significant difference at P = 0.001.
f Significant difference at P = 0.01.
substrate. However, these differences did not interfere with the interpretation of the influence of these osmotic agents on Zn toxicity, as each experimental value was compared with the apropriate control (e.g., with E. coli, 10 mM Zn + + 1 M NaNO3 was compared with 10 mM Mg2+ + 1 M NaNO3). A concentration of either 0.5 M NaCl or NaNO3 enhanced the toxicity of Zn to A. niger to a greater extent than did 1 M glucose or xylose, which gave equivalent calculated osmotic pressures (Table 7) . Similarly, the toxicity of Zn to E. coli was enhanced to a significantly greater extent in the presence of 1 M NaCl or NaNO3 than in the presence of 2 M glucose or xylose ( Table 8 ). The toxicity of Zn to C. echinulata was approximately equivalent in the presence of 0.5 M NaCl or NaNO3 and of 1 M glucose or xylose (Table 7) . DISCUSSION A concentration of 10 mM Zn2+ decreased the survival of E. coli, enhanced that of B. cereus, but did not affect that of P. aeruginosa and N. corallina after 3 h of incubation in buffer. Differential sensitivities to Zn2+ were also noted with fungi, the sequence of sensitivity being R. solani > F. solani > C. echinulata > A. niger, T. viride. In comparison with other divalent heavy metals, such as Cd2", Pb2+, or Hg2" (9) (58) and for maintaining the integrity of the cell wall of P. aeruginosa (20) . The mechanism responsible for the enhancement of survival of B. cereus in the presence of Zn2+ is unknown, but Zn2+ is an essential micronutrient for growth (21) and sporulation (26) of Bacillus species. Low concentrations of Zn2+ are apparently required by all bacteria, including actinomycetes, and fungi (3, 14, 24) . However, the mechanisms responsible for the toxicity of elevated concentrations of Zn2+ are essentially undefined (45), although it has been suggested that excess Zn2+ may interfere with the metabolism of Mg2" (1, 35) .
The survival of Ti, T7, P1, and 480 coliphages was not adversely influenced after 3 h of incubation in the presence of 10 mM Zn2+, in agreement with other studies that have shown that 10 mM Zn2+ [as Zn(NO3)2] did not affect the viability of T2 coliphage (33) .
Depending on the anionic composition of the environment, divalent Zn2+, similar to Cd2 , Pb2+, and Hg2+, forms a variety of complex ionic and molecular coordination complexes. In these studies, experiments were performed at pH 6 or below to avoid the formation of hydroxylated Zn species. In the absence of competing anions but in the presence of 0.1 M NaCl, about 75% of the Zn occurs as Zn2+, 20% occurs as ZnCl+, and 5% occurs as ZnCl2. In the presence of 0.5 M NaCl, approximately 40% of the Zn occurs as Zn2+, 35% occurs as ZnCl+, 20% occurs as ZnCl2, and 5% occurs as ZnCl3-. The concentration of divalent Zn2+ becomes insignificant as the concentration of Cl-is further increased. Thus, with 1 M NaCl, about 5% of the Zn exists as Zn2+, 20% exists as ZnCl+, 30% exists as ZnCl2, 30% exists as ZnCl3 , and 15% exists as ZnCL2-. At 5 M NaCl, the anionic Zn-Cl species predominate, because there is no Zn2+ and about 5% of the Zn occurs as ZnCl+, 10% occurs as ZnCl2, 30% occurs as ZnCl3-, and 55% occurs as ZnCl42- (25) . These different forms of Zn may exert differing toxicities to microbes and viruses.
The microbes and viruses were grouped into three categories depending on their response to APPL. ENVIRON. MICROBIOL. Zn in the presence of increasing concentrations of NaCl. The first category included those microbes whose response to Zn was unaffected by the concentrations of NaCl tested: the inhibition by Zn of the mycelial growth of F. solani and C. echinulata and of the survival of N. corallina was independent of NaCl. The second group included those microbes and viruses whose sensitivity to Zn increased as the concentration of NaCl increased: the mycelial growth ofA. niger; the survival of P. aeruginosa and of the coliphages, Ti, T7, P1, and 080; and the enhancement of survival of B. cereus by Zn were reduced by increasing the concentration of NaCl. In these systems, the anionic Zn-Cl species were apparently more toxic than was Zn2+. The third category included those microbes whose sensitivity to Zn decreased as the concentration of NaCl increased: the toxicity of Zn for the mycelial growth of T. viride and R. solani was lessened as the concentration of NaCl increased, indicating a greater sensitivity to Zn2+ than to the anionic Zn-Cl species.
There appear to be few studies in the literature that evaluate the influence of Cl-or of the inorganic anionic environment in general on the toxicity of Zn2+ or other heavy metal pollutants to microbes and viruses. Studies with T2 colphage showed that, although Zn2+ did not affect viability of the virus, anionic Zn-cyanide complexes [i.e., Zn(CN)3 and Zn(CN)42-] at equivalent concentrations ofZn were toxic, apparently by rupturing thiol ester bonds in the bacteriophage tail (34) . However, other studies have shown that Cd2+ was more inhibitory to growth of a "mixed microflora" from activated sludge than was Cd(CN)42- (16) and that greater toxicities towards growth of bacteria and fungi were exerted by CdOH+ than by comparable concentrations of Cd2+ (6, 7, 8 (25) . Thus, the form and resulting toxicity of a heavy metal pollutant depend, in part, on the anionic composition of the environment into which the pollutant is deposited. In assessing the toxicity of pollutants to the biota, attention must therefore be focused on the specific physicochemical abiotic factors of the recipient environment, which may mediate or potentiate the toxicity of the contaminant (9) .
